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Abandoned Magnesite Mine in the
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Vladimír Sedlák
Abstract
Mining activity influences on the environment belong to the most negative
industrial influences. Mining subsidence on the earth surface is a result of under-
ground mining. The present study deals with the theory of specific procedures for
solving the deformation vector in the case of an objective disturbance of data
homogeneity in the geodetic network structure of the monitoring station in moni-
toring mining subsidence. The theory was developed for the mining subsidence
created on the earth surface of the mining landscape, where the abandoned magne-
site mine Košice-Bankov in the East of Slovakia was operated for many decades in
the twentieth century. The achieved results and outputs were implemented into the
GIS tools for the plan of the process of gradual reclaiming the entire mining land-
scape of Košice-Bankov. The aim of the deformation measurements was to deter-
mine the exact boundaries of the subsidence edges with the residual movement
zones for the purpose of comprehensive reclaiming the devastated mining land-
scape. Some numerical and graphical results from the deformation vectors survey in
the abandoned magnesite mine Košice-Bankov are presented. The obtained results
in GIS were supplied for the needs of the Municipality of the city of Košice to the
realization of the reclaiming work.
Keywords: subsidence, deformation vector, geodetic network, Gauss-Markov
model, test statistics, reclaiming
1. Introduction
At present, with an extremely sharp increase in people’s material needs, priority
must be given to their security from any economic prosperity of many countries
around the world. As the extraction and processing mineral resources increase, so
does the economic prosperity of the country. To protect the environment, which
should be an intact ecosystem, it is necessary to protect the lives of people and their
property from adverse industrial impacts. One of the most negative industrial
impacts on the whole ecosystem is the adverse impact of any mining activity.
The land subsidence (mining subsidence, hereinafter referred to as subsidence)
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is created on the earth surface as a result of underground extraction of the mineral
deposits especially at the chamber mining by a caving method [1, 2]. In many cases,
the mine subsidence represents the large-scale and very deep downthrown blocks
that is dangerous for any movement of people in them [1–7]. As at the deep mining
there are many large voids created in the rock massif (especially during the afore-
mentioned mining by the chamber method), their collapse occurs with the mani-
festations of deformations on the earth surface mostly in the form of subsidence.
The collapse of these cavities can occur at different time horizons, i.e., from the
commencement of mining up to several years, or even decades or more after the
end of mining. Especially for endangering the lives of people and their property, the
most dangerous are the sudden and unexpected formation of invasions of the earth
surface over the mined rock massif, which often happens even in some abandoned
mines [6, 8, 9].
In the sense of several scientific studies, as well as theoretical and practical
knowledge on mining impacts on the earth surface, it is very difficult to accurately
predict how long the movements in the subsidence will be in existence and when
these movements will be ended [1, 2, 10–12]. Current statistics resulting from many
deformation measurements in the subsidence confirm that around 60–90% of total
subsidence movements occur within the first few weeks up to months after the
excavation of the underground space in the rock massif. The remaining movements
in the subsidence persist even after the end of mining, and at a decreasing rate these
movements can last for 3–5 years and longer and in rare cases even several decades.
In order to protect the lives of people and their property, as well as the complex
environment, it is essential to constantly investigate any movements in the subsi-
dence on the earth surface even after mining has ended [2, 13, 14]. The most
investigated movements in the subsidence with their prediction based on three-
dimensional (3D) modeling are on coal fields [3, 5, 11, 12, 14–17].
The nature and magnitude of the subsidence on the earth surface depends
mainly on tectonic and geological conditions and also on the overload of the rock
massif above the excavated space. Knowing the range, i.e., localization of the edges
(boundaries) of the subsidence in mining territories, may provide for more precise
placement of technical barriers (fencings and warning boards) and thus help to
prevent persons and animals from entering these danger zones. Geodetic methods
for investigation of deformation vectors, which can be derived from the processing
of some specific geodetic measurements at the monitoring stations based on these
mining territories, are the priority methods for determining the extent of move-
ment in the subsidence on the earth surface above the excavated underground
space. The deformation vectors in their 3D model concept most markedly charac-
terize any movements of the earth surface, buildings, and other civil engineering
structures located in the mining territory with the occurrence of the subsidence. In
many cases, 3D modeling of the deformation vectors is based on regular (periodic)
monitoring of the spatial changes in suitably structured points of the geodetic
network of a monitoring station located on the earth surface or on buildings and
civil engineering structures. Such periodic monitoring of the spatial changes of 3D
coordinates of the geodetic network points is mostly realized by the application of
classical geodetic terrestrial methods (tacheometry, trigonometry, traverse survey-
ing, leveling, etc.), which are used extensively up to now or are currently increas-
ingly using advanced methods of the satellite technologies within the Global
Navigation Satellite Systems (GNSS) based on the US Global Positioning System
(GPS), Russian Global Navigation Sputnik System (GLONAS), European Galileo,
and Chinese Compass (BeiDou II). At present, very specific measurement technol-
ogies such as Interferometric Synthetic Aperture Radar (InSAR), i.e., the radar
surveying technology, and Light Detection and Ranging (LiDAR), i.e., the laser
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surveying technology, are increasingly being applied to deformation measurements
[14, 15, 18–26]. The deformation vectors are the outputs of 3D data processing from
the abovementioned geodetic measurements of deformations (deformation mea-
surements) of the earth surface or building structure objects, but several geodetic
measurements are combined and thus confirmed by some physical measurements
based on the measurement of stress and strain states. By their size and position in
3D space, deformation vectors can provide a global overview not only of the nature
of the current state of deformation of the monitoring subsidence in the mining area,
but also of the nature of the further development of these deformations with the
required time predictions [1, 2, 10, 19]. At the same time, when monitoring partic-
ularly important buildings located close to the subsidence, additional geophysical
measurements of stress–strain states of the rock massif must be carried out under-
ground (in the extracted mining space). Achievement of the unstressing states in
the rock massif above the extracted space can be realized in many cases by the
so-called destress blasting [27, 28].
Periodically repeating measurements on parts respectively on the whole geodetic
network of some monitoring stations to measure deformations of the earth surface
(e.g., subsidence) or construction objects and engineering structures can sometimes
be complicated for objective reasons. Most of the monitoring stations consist of a
network of firmly stabilized points (geodetic network) on the surveyed earth sur-
face or on surveyed buildings and other engineering structures. By various geodetic
methods, measurements are made on these points of the geodetic network to deter-
mine their 3D positions (i.e., coordinates X, Y, and Z) in the given Cartesian
coordinate system [5, 14]. During the realization of long-term (multiyear or even
several decades) geodetic measurements, undesirable and unpredictable obstruc-
tions and interventions into the monitoring station and so into the geometric struc-
ture of the geodetic network may also occur. In many cases, such undesirable
interventions into the structure of the geodetic network include predominantly loss
or damage to points due to uncontrolled earthworks or construction work in the
territory of the monitoring station. Due to such undesirable interference with the
monitoring station, the geometric and data structure of the points of the geodetic
network is not homogeneous during all periodic deformation measurements.
This means that the measured elements of the applied geodetic measurements at
the points of the geodetic network of the monitoring station at individual time
epochs are no longer identical and cannot be maintained as they were at the time of
the initial (primary, i.e., zero) measured epoch. When changing the geometrical
structure of the points of the geodetic network, it is no longer possible to maintain,
in particular, the spatial configuration of the measuring sights between the deter-
mined points of the network. Disturbance of stability or destruction and the loss of
multiple points of the geodetic network also results in a disturbance of the geomet-
ric and thus data structure of the whole network of the monitoring station. In such
cases, the re-stabilization of destroyed or lost points (in particular object points) at
the original or other places of the geodetic network will not help either. Nor will it
help to replace the original measured variables (which are no longer measurable in
the subsequent monitoring epochs due to damage of the geodetic network points)
by other measured variables [1, 10, 25, 29].
In the evaluation of deformation vectors and their 3D modelling, the time factor
of the gradual creation of the subsidence over the mined-out space underground
plays an important role in its overall evaluation of the earth ground movements.
The possibility in improving polynomial modeling of the subsidence is condi-
tioned by the knowledge to detect position of the so-called breakpoints, i.e., the
points in the surface in which the subsidence border with a zone of breaches and
bursts start to develop above the mined mineral deposit. This means that the
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breakpoints determine the edges of the subsurface at which the naturally consistent
coherent of the earth surface is broken and the subsidence begins to form.
3D deformation vector models help to support the location of the breakpoints
[10–13, 18, 21].
2. Theory of the deformation vector specific solution
As already mentioned in the Introduction, the geometric and thus data structure
of the geodetic network of the monitoring station in the subsidence may be changed
by some external intervention, such as some unforeseen earthworks and construc-
tion works at the monitoring station. Estimation of the structures of geodetic net-
works based on the Gauss-Markov model is the most used and the most effective
method for their processing. In determining the statistical formulation of the
Gauss-Markov model, we start from the following equations [11, 12, 17, 30–33]:
v ¼ A C^Co
 
 L 0ð Þ  L
o
 
¼ AdC^ dL (1)
ΣL ¼ σ
2
0QL (2)
where v is the vector of corrections of the measured (observed) values L,A is the
configuration (modeling) matrix of the geodetic network (otherwise called also the
Jacobian matrix), i.e., the matrix of the partial derivatives of functions Lo ¼ f Coð Þ
by the vector Co,C^ is the vector of the aligned 3D coordinate values, Co is the vector
of the approximate 3D coordinate values, L 0ð Þ is the vector of the approximate
observation magnitude values of the observed elements in the first measuring epoch
t 0ð Þ, Lo is the vector of the approximate observation magnitude values of the
observed elements, dC^ is the deformation vector, dL is the vector of the measured
values supplements, ΣL is the covariance matrix of the measured values, σ20 is a
priori variance, and QL is the cofactor matrix of the observations.
It will also be appeared in the changed structures, let us say in a size of the
matrixes and vectors A,QL,C
o and Lo. These matrixes and vectors enter into the
presupposed model of a network adjustment following out from the Gauss-Markov
model [11, 12, 29–31].
2.1 Deformation vector
If between monitoring epochs there are no changes in the geometrical and
observational structure of the geodetic network, then the matrixes and vectors
A,QL,C
oand Lo remain identical for each epoch. Only in such case the deformation
vector dC^ can be determined by a conventional procedure according to the
following model [2, 16, 17]:
• In the basic (first) monitoring epoch t 0ð Þ, we have the vector C^ 0ð Þ of the
adjusted 3D coordinates of the observed points which are obtained according
to the Gauss-Markov model:
C^ 0ð Þ ¼ C
o þ ATQ1L A
 1
ATQ1L L 0ð Þ  L
o
 
¼ Co þG L 0ð Þ  L
o
 
(3)
• In the other following epochs t ið Þ, we also obtain the vector C^ ið Þ of the adjusted
3D coordinates of the observed points according to the equation:
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C^ ið Þ ¼ C
o þ ATQ1L A
 1
ATQ1L L ið Þ  L
o
 
¼ Co þG L ið Þ  L
o
 
(4)
• Thus, for the deformation vector dC^ will be valid in the following equation:
dC^ ¼ C^ ið Þ  C^ 0ð Þ ¼ G L ið Þ  L
o
 
(5)
where L 0ð Þ and L ið Þare the vectors of the observed magnitude values in the
epochs t 0ð Þ and t ið Þ.
Furthermore, we consider the case when there is a change in the geometric and
thus in the data structure of the geodetic network of the monitoring station between
the individual epochs of measurements. It means that the geometric and data
structure of the geodetic network between the basic epocht 0ð Þ and the actual epoch
t ið Þ is changed. Then the original matrixes and vectors A,QL,C
o and Lo are
transformed into the following equations:
A ¼ Aþ dA (6)
QL ¼ QL þ dQL (7)
C
o
¼ Co þ dCo (8)
L
o
¼ Lo þ dL (9)
According to Eqs. (6)–(9), the vectors ^C 0ð Þ and
^C ið Þ of the adjusted 3D
coordinates of the observed points in the epochs t 0ð Þ and t ið Þ will be determined:
^C 0ð Þ ¼ C
o
þ A
T
Q
1
L A
 1
A
T
Q
1
L L 0ð Þ  L
o 
¼ C
o
þG L 0ð Þ  L
o 
(10)
^C ið Þ ¼ C
o
þ A
T
Q
1
L A
 1
A
T
Q
1
L L ið Þ  L
o 
¼ C
o
þG L ið Þ  L
0
 
(11)
and then the deformation vector dC^ is expressed according to Eq. (5) in
the form
d^C ¼ ^C ið Þ 
^C 0ð Þ (12)
which not only expresses the 3D changes in the coordinates of the geodetic
network points between the individual epochs of measurement, but such
deformation vector can also express changes in the overall structure (geometric
and data structure) of the geodetic network. The deformation vector d^C thus
obtained will not provide reliable data for testing the particular deformations in
the subsidence.
The proposed and presented theory of the specific solution of the deformation
vector in the case of any structural changes in the geodetic network will be accept-
able for its proving in an analytical way, if we compare the deformation vector
structures dC^ and d^C expressed according to Eqs. (5) and (12). Then the structure
of the deformation vector d^C is expressed according to Eq. (12), and the further
equation will be valid:
d^C ¼ C
o
þG L ið Þ  L
o h i
 Co þG L 0ð Þ  L
o
  
¼ G L ið Þ  L
o
 
G L 0ð Þ  L
o
 
þC
o
Co (13)
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and on the base of Eqs. (6)–(9) and also on the base of the linearization of G into
G ¼ Gþ dG, the following derivation will be applied for the deformation vector d^C:
d^C ¼ Gþ dGð Þ L ið Þ  L
o 
G L 0ð Þ  L
o
 
þ dCo ¼ G L ið Þ  L
o þ dLoð Þ
 
þ dG L ið Þ  L
o 

G L 0ð Þ  L
o
 
þ dCo ¼ G L ið Þ  L
o
 
þGdLo þ dG L ið Þ  L
o
 
G L 0ð Þ  L
o
 
þ dCo ¼
¼ G L ið Þ  L 0ð Þ
 
þGdLo þ dG L ið Þ  L
o 
þ dCo
(14)
and finally the deformation vector d^C will be calculated according to the
following equation:
d^C ¼ dC^þ δdC^ (15)
Eq. (15) notates that the deformation vector d^C (calculated at some changes in
the geodetic network structure) is different from its vector of the correct values dC^
only by the component δdC^ (i.e., the correction component of the deformation
vector corrections). In such a set case, the component δdC^ is generated not only by
the spatial movement of points in the geodetic network between the particular
epochs of the geodetic measurements, but at the same time it is generated by
changes in the geometric and data structure of the network between the particular
epochs due to some changes in its point field.
To avoid the so-called degradation of the deformation vector dC^ due to changes
in the geometric and data structure of the geodetic network and at the same time for
the deformation vector to express the real spatial changes in the subsidence, the
presented theory offers the following procedures:
• The geodetic networks at the monitoring stations shall be designed in order to
achieve the maximal physical integrity of its points (object and especially
reference points) throughout the entire monitoring period. When designing a
monitoring station, expert consultation with representatives of a spatial
planning and also with the mine district owners is essential.
• If some reference points were lost or destroyed, new points should be stabilized
in enough proximity to these lost or destroyed reference points as possible. The
same principle is held for the object points.
• However, if the matrixes A and QL are significantly or even slightly changed
between the monitoring epochs t 0ð Þ and t ið Þ (e.g., in t 0ð Þ the geodetic network
was measured by a trilateration measurement way, and in t ið Þ by traverse
measurement way, it is necessary to observe (measure) other new magnitudes,
etc.), then the deformation vector dC^ can be determined according to the
following equations:
dC^ ¼ Co þ ATQ1L A
 1
ið Þ
ATið ÞQ
1
L ið Þ L ið Þ  L
o
 
 Co þ ATQ1L A
 1
0ð ÞA
T
0ð ÞQ
1
L 0ð Þ L 0ð Þ  L
o
 h i
(16)
and
dC^ ¼ G ið ÞL ið Þ G 0ð ÞL 0ð Þ  L
o G ið Þ G 0ð Þ
 
(17)
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because using the identical Co and Lo are not the problem to adhere in the
individual epochs. Or the deformation vector corrections δdC^ are calculated
according to Eqs. (10), (11), and (13), so that the deformation vector dC^ is then
corrected according to the introduced Eq. (15).
3. Study case example
3.1 Study region description
The monitoring station is situated in the territory of the mining field of the
abandoned magnesite mine of Košice-Bankov. This territory was characterized by a
devastated mining surface with many mining tailing piles and especially the large
subsidence. The city district of Košice-Bankov is located in the northern part of the
city of Košice. In addition to the abandoned magnesite mine, there is a very popular
urban recreational and touristic resort, located in the large urban forest park of the
city of Košice. The territory of the urban recreational and touristic resort and forest
park are situated in close proximity, respectively, in the territory above the mining
field of the former magnesite mine (Figure 1).
Figure 1.
Ortho-photo map of the city of Košice with a detail view to the mine field of Košice-Bankov.
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Until the 1970s of the twentieth century, any systematic attention was not paid to
the extent of mining damage on the earth surface at the territory of Košice-Bankov as
a result of magnesite mining. It was only after this period that scientific studies began
to be taken into account when dealing with the creation of the large subsidence and
devastation of the protected area of the forest park and the environmental protection
in the tangent territory of Košice-Bankov. The gradual development of the subsidence
in the mining area of the magnesite mine of Košice-Bankov in the east of Slovakia has
been monitored since the end of the 1970s by systematic geodetic measurements. The
monitoring station project to monitor the development of the subsidence in the
territory of Košice-Bankov was designed and implemented by researchers of the
Technical University of Košice in 1976, when the first geodetic measurements were
carried out and later by researchers of the Pavol Jozef Šafárik University in Košice.
The first observed data were obtained from this monitoring station in autumn 1976,
and since then the regular periodic spring and autumn geodetic terrestrial and satellite
(GPS, GNSS) measurements were performed every year.
Before reclaiming the mining landscape on the territory of Košice-Bankov, the
monitoring station was located on the site of the former subsidence at the mining
shaft, which was called the Western shaft. The monitoring station was built from
the geodetic network consisting of the network of the reference points (No: 01A,
01B, 01C, 01D) and the network of the object points (78 points in total). The object
points were geometrically grouped into six geodetic network profiles (0–V)
(Figure 2). All geodetic network profiles of the monitoring station of Košice-
Bankov were geometrically spaced across and along the expected movements in the
subsidence (Figure 2). Gradually, by creating the subsidence, some object points
were destroyed by the nature destructive processes in the subsidence. Figures 3 and 4
show the panoramic views to the subsidence of Košice-Bankov from the southwest-
ern edge of this subsidence in 2001 and 2002. In that time the magnesite mine had
been out of its operation for 3 years.
3D data (elements) of geodetic network points of the monitoring station were
initially (since 1076) measured by 3D geodetic measurements (position and leveling
measurements) by the application of the classical terrestrial geodetic technologies
using the optical geodetic theodolites, electro-optical total stations, and leveling
devices for a very precise leveling. Later, since 1977, the periodic measurements at the
monitoring station have been made by the satellite geodetic methods GPS and GNSS,
i.e., Trimble 3303DR Total Station, GPS: ProMark2, and GNSS: Leica Viva GS08.
In both geodetic periodic measurement technologies (terrestrial and satellite),
regular geodetic measurements were performed twice a year, i.e., during the spring
and autumn months [12, 17]. In 1981, some of the object points of the geodetic
network of the monitoring station were damaged, respectively; the points were
completely destroyed by some unplanned and uncontrolled earthworks in the
vicinity of the subsidence (points No. 2, 3, 30, 38, 104, and 105 and 2271 on the
profiles No. 0, I, and II). Most of the damage or destruction of the abovementioned
points occurred during the adjustment of some forest stands in the nearby forest
park and by some earthworks on the surrounding mining tailing piles.
3.2 Accuracy and quality assessment of the geodetic network
1D, 2D, and 3D accuracy of the geodetic network points of the monitoring station
was evaluated by testing the global and local network indices. The global indices were
numerically expressed to assess the accuracy of the entire geodetic network.
1 The reference point No. 227 (profile II) was rebuilt instead of the point No. 226.
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For the global indices, the following were tested: tr (ΣC^), i.e., the track of the
covariance matrix ΣC^, the volume global indices, and det(ΣC^), i.e., the determinant
of the covariance matrix.
In fact, the local indices were the point indices that characterize the reliability of
the geodetic network points: the mean 3D error σp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
X^i
þ σ2
Y^ i
þ σ2
Z^i
q
, the mean
Figure 2.
The monitoring station of Košice-Bankov (reference points 01C and 01D destroyed points).
Figure 3.
The subsidence of Košice-Bankov; panoramic view: Autumn 2001.
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coordinate error σXYZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
X^i
þσ2
Y^i
þσ2
Z^i
3
r
, and the confidence absolute ellipses or ellip-
soids, which were used to assess the real 2D or 3D point accuracy. It is necessary to
know the design elements of the ellipse of errors, i.e., the semi-major axis a, the
semi-minor axis b, the bearing φa of the semi-major axis, and the ellipsoid flattening
f (f ¼ 1 b=a).
The geodetic network quality characteristics to be assessed are, above all, the
accuracy and reliability of the position of the points. In addition to numerical
expressions, the accuracy of the point position can also be expressed using the
graphical indicators such as the reliability curves and the ellipse of confidence
(ellipsoids of reliability in the case of 3D space). The ellipsoids determine the
random space in which the actual location of the points will lie with a probability of
1-α, where α is the level of significance chosen according to which the ellipsoids are
of different size. For 3D space in a geodetic practice, the standard confidence
ellipsoids are usually used. The design parameters of such ellipsoids can be derived
either from the cofactor matrix QLof the adjusted coordinates, where the design
parameters are arranged on the main diagonal of the matrix, or from the covariance
matrix of the coordinate estimations ΣC^ of the determined points, which are
arranged also on the main diagonal of that matrix.
All calculated data according to the submitted specific theory of the deformation
vector solution in the case of any geometric and data changes in the geodetic
network of the monitoring station are shown in Tables 1–5 which are focused on
the accuracy and quality assessment of the network in the years 1976 and 2014
(1976/20142) (Tables 1–5). Tables 1–5 comprehends the adjusted mean errors of
the individual coordinates, global and local 3D indices, and their absolute confi-
dence ellipsoid elements determining 3D accuracy of some chosen replaced points;
the numbers in front of the slash belong to 1976; the numbers after the forward
slash belong to 2014. In 2007 the points No. 2, 3, 30, 38, 104, 105, and 227 were re-
stabilized due to small earthworks for the purpose of some preparation work for the
future reclaiming of the mining territory of Košice-Bankov. The values of the
deformation vectors confirm the fact that the presented theory of the deformation
vector specific solution is suitable and variable adapted to various damages of
geodetic networks [7]. In geodetic practice, however, there are cases where the
values of deformation vectors need not mean any displacement of the geodetic
network points (movement around the point of the geodetic network). Although
the geodetic network points were adjusted according to the conventional method
using the Gauss-Mark model, the deformation vector values may be loaded by the
accumulation of some measurement errors. For this reason, when evaluating the
Figure 4.
The subsidence of Košice-Bankov; panoramic view: Spring 2002.
2 Deformation survey on the monitoring station of Košice-Bankov without the reclaiming work
intervention was finished in the autumn 2014.
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Point ai (mm) bi (mm) φai (gon) f
2 49.9/51.0 5.9/5.1 172.303/172.695 1.8818/0.9
3 40.8/32.5 12.3/3.7 172.704/179.151 0.6985/0.8862
30 43.0/45.9 18.2/21.5 160.340/160.058 0.5767/0.5316
38 23.5/28.1 21.8/22.4 40.966/41.203 0.0723/0.2028
104 47.5/79.2 24.0/9.9 211.146/217.148 0.4947/0.875
105 42.8/42.4 15.3/17.6 370.337/370.624 0.6425/0.5849
227 28.8/25.2 8.1/10.9 19.634/19.781 0.7188/0.5675
Table 2.
Absolute confidence ellipse elements (α = 0.05) (1976/2014).
Point mX (mm) mY (mm) mZ (mm)
2 15.7/16.4 32.9/45.5 12.5/72.4
3 14.8/34.3 27.2/58.9 30.5/69.1
30 21.1/25.6 26.5/24.1 45.5/32.7
38 16.6/14.9 16.3/8.1 20.1/18.4
104 18.2/41.3 34.1/69.0 55.4/78.0
105 28.2/31.6 17.1/21.1 9.9/17.8
227 20.0/16.9 8.5/4.7 10.9/10.8
Table 1.
Mean errors (1976/2014).
Rank rk(ΣC^) Track tr(ΣC^)
[mm2]
Determinant
det(ΣC^)
Average mean error σC^pr
[mm]
Norm nor dC^
 
[mm]
14/14 7041.901/
7041.054
2.869.1025/
2.869.1025
22.428/22.971 124.218/
126.155
Table 3.
Global indices (1976/2014).
Point Mean 3D error σp (mm) Mean coordinate error σXYZ (mm)
2 36.4/37.5 25.7/18.8
3 30.9/28.4 21.8/24.5
30 33.9/33.0 23.9/23.0
38 23.3/26.7 16.5/13.8
104 38.6/14.1 27.3/54.9
105 32.9/27.4 23.3/19.9
227 21.7/22.5 15.3/17.4
Table 4.
Local indices (1976/2014).
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significance of deformation vectors, it is necessary to test them by means of the
global and localization test of a congruence (see Chapter 3.3). After a series of the
last geodetic measurements in spring 2014, the deformation vectors at the tested
points No. 2, 3, 30, 38, 104, 105, and 227 of the geodetic network of the monitoring
station have moved from 4 to 9.7 mm (Table 5). 3D mean errors ranged from 14.1
to 38.6 mm, and the mean coordinate errors were from 13.8 to 54.9 mm (Table 4).
In autumn 2014 all points of the monitoring station of Košice-Bankov were
destroyed by the reclaiming work, i.e., the reference points were removed and the
object points were backfilled by a secondary imported soil.
3.3 Global test of the geodetic network congruence
Significant stability, respectively instability of the geodetic network points, is
rejected or not rejected by verifying the null-hypothesis H0 and also other alterna-
tive hypothesis [11, 12, 17, 34].
H0 : d
^C ¼ 0; Hα : d
^C 6¼ 0 (18)
where H0 expresses insignificance of the coordinate differences (deformation
vector) between epochs t 0ð Þ and t ið Þ.
The test statistics TG can be used for a global test:
TG ¼
d^CQ1
d
^
C
d^C
T
ks20
≈F f 1, f 2
 
(19)
where Q
d
^
C
is the cofactor matrix of the final deformation vector d^C, k is the
coordinate number entering the geodetic network adjustment (k=3 for 3D coordi-
nates), and s20 is the posteriori variation factor common for both epochs t 0ð Þ and t ið Þ.
The critical value TKRIT is searched in the tables of F distribution (the Fisher-
Snedecor distribution) according to the degrees of freedom f 1 ¼ f 2 ¼ n k or f 1 ¼
f 2 ¼ n kþ d, where n is number of the measured values entering into the network
adjustment and d is the network defect at the network free adjustment. Through the
use of methods, MINQUE is s
2t 0ð Þ
0 ¼ s
2t ið Þ
0 ¼ s
2
0 ¼ 1 [2, 11, 12, 16, 17, 34]. Test statistics
T should be compared to critical test statistics TKRIT.TKRIT is found in the distribu-
tion Tables F according to the degrees of freedom of the geodetic network.
When comparing test statistics, there may be two cases:
1.TG ≤TKRIT : The null-hypothesis H0 is accepted. That is, the differences in
coordinate values (i.e., deformation vectors) are not significant.
2.TG>TKRIT : The null-hypothesis H0 is refused. This means that the differences
in coordinate values (deformation vectors) are statistically significant. In this
Point
d^C [mm] 2 3 30 38 104 105 227
2.4 2.9 8.0 6.7 4.0 0.6 9.7
Table 5.
Deformation vector values (1976/2014).
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case, it can be stated that the deformation occurred with the level α of a
reliability.
Table 6 presents the global tested results of the geodetic network congruence.
4. Subsidence in GIS for reclaiming mining landscape
The Geographical Information Systems (GIS) of the mining landscape of Košice-
Bankov is based on the following key points [25]: basic and simple presentation of
geodata, management of the basic database, and wide availability of information.
The best feasible solution for the implementation of the GIS project is the Free Open
Source software applications, which are easily available on the Internet. The general
function of the Free Open Source software application is the viability of free code
and data sources via HTTP and FTP protocols located on the project website. Other
features of the Free Open Source range include ease of use, access to data and
information, centralized system configuration, modular things, and any Open
Source platform (depending on PHP, MySQL, and ArcIMS ports) [7, 25, 35–39].
The network application MySQL is currently the most advantageous database
system on the Internet and was also applied to the deformation survey outputs from
the monitoring station of Košice-Bankov.
Whole database part in GIS for the subsidence of Košice-Bankov in all applica-
tions was processed into the MySQL database (Figure 5). 3D model of the subsi-
dence of Košice-Bankov with the multilayered GIS applications has been
implemented into the reclaiming plan of the mining territory of Košice-Bankov for
the needs of the municipality of the city of Košice.
Given the fact that extraction of magnesite mineral has been completed at the
mine of Košice-Bankov and this mine is abandoned since the end of the 90 years of
the twentieth century and the investigation concluded that the Košice-Bankov with
the huge subsidence is stable at the end of the deformation investigation, the
municipality of the city of Košice (Department of land planning of the city) has
adopted a definitive plan for reclaiming this mining landscape. Numerical and
graphical analyses of the results from the long-term geodetic measurements of the
deformations in the subsidence at the monitoring station of Košice-Bankov with
their subsequent testing analyses of the deformation vectors confirmed the stability
not only in the subsidence but also in the surrounding mining landscape. The
subsidence and other mining earthworks of huge dimensions destroyed the entire
surroundings of the mining plant (mining tailings piles, various excavations in the
Point TG ið Þ < ≤ > F Notice
2 1.297 < 3.724 Deformation vectors are not significant
3 3.7236 ≤
30 3.501 <
38 3.7237 ≤
104 2.871 <
105 1.403 <
227 2.884 <
Table 6.
Test statistics results of the geodetic network points at the monitoring station of Košice-Bankov.
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working of the earth surface, and other mining works in the surroundings of the
former mine plant) were gradually filled with imported secondary soil. Based on the
results of the extensive geodetic measurements of deformations of the mining
subsidence and its surroundings in the destroyed mining area of Košice-Bankov,
reclaiming works began at the beginning of this century. Some recent reclaiming
works were completed in the summer of 2016.
In the territory of the former large subsidence, the new forest park was built as
an environmental forest greenery in the part of the Košice-Bankov urban recreation
and touristic area of the city of Košice. The subsidence was filled with imported
natural and secondary materials from many construction works and earthworks in
the city of Košice and its surroundings. Given that the subsidence was of huge
proportions, such sporadic embankment works took too long, more than 10 years.
After the embankment and other earthworks were completed, the new forest park
was planted in the area of the former subsidence (Figure 6). Especially birch was
planted. Birch trees are known for their rapid growth, and their root system is not
demanding on the underlying soil. At present, the birch grove represents almost
5 years of a healthy forest park. The reconstruction of the recreational and touristic
area of Košice-Bankov was completed in spring 2016 (Figure 7). The mining tailing
piles and the entire ruined area of the former mining plant were also reclaimed.
Figure 5.
ArcView user interface visualization of the subsidence.
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Many solar collectors have been built on the places of the former mining tailing
piles, which contribute to the renewable sources of electricity for the city of
Košice (Figure 6).
Figure 6.
The subsidence of Košice-Bankov after reclaiming; panoramic view—Summer 2016. Solar collectors on the places
of the former mining tailing piles; new forest park in the background on the places of the former subsidence.
Figure 7.
The reconstructed recreation and touristic zone and revitalized forest park after reclaiming the mining
landscape of Košice-Bankov.
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5. Conclusions
The determination of the deformation vectors from the differences between the
adjusted geodetic point coordinate vectors obtained from at least two monitoring
epochs is readily achievable if the original geometric and data structure of the
geodetic network of the monitoring station between the individual monitoring
epochs is strictly preserved. The presented research study provides both the theo-
retical and practical results of the possibility of solving deformation vectors in the
geodetic network of the monitoring station in the case of its geometrical and data
structure violation during the period of monitoring the movements of the earth
surface, i.e., if the points of the geodetic network were damaged or completely
destroyed between the different epochs of measurements, i.e., the geodetic network
was nonhomogenous. The deformation vectors solved in accordance with the pro-
posed specific theory of solving monitored deformations of the earth surface in the
case of disturbance of the geodetic network homogeneity of the monitoring station
provide via 3D models in GIS a reliable idea of spatial changes in the coordinates of
the geodetic network points. The proposed theory of the specific deformation
vector solution leads to a reliable support in investigation of various deformations of
the earth surface, such as mining subsidence, landslides, geotectonic (recent move-
ments), movements of dams, and other important building objects.
The largest values of the deformation vectors given in Table 5 occurred at points
No. 30 and No. 227. However, due to the fact that the deformation vectors tested at
these points were not significant according to the test statistics, we can declare these
points as static. The mentioned study case from the mining territory of the aban-
doned magnesite mine of Košice-Bankov confirmed the availability and applicabil-
ity of the presented specific theory in the solution of the deformation vector in the
deformation monitoring in the mining subsidence, where several violations of the
geometric and data structure (homogeneity) of the geodetic network of the moni-
toring station occurred. Despite the validated method for the specific solution of the
deformation vector in the geometric and data inhomogeneity of the geodetic net-
work at the monitoring station, it should be stated that it would be preferable to
maintain the homogeneity of the geodetic network during the whole monitoring
period. Maintaining the homogeneity of the data of the geodetic network structure
can ensure the permanent stabilization of the network points and the correct tech-
nically and physically implemented protection of the whole monitoring station from
unexpected external interventions into such a station.
3D model situations of the mining subsidence in GIS platform from the mining
territory of Košice-Bankov were delivered to the municipality of the city of Košice
(especially for the Department of Land Planning and Chief Architect of the City) to
deal with a spatial planning for the future environmental reclaiming of this aban-
doned mining region, such as the magnesite mines of Košice-Bankov. The analysis
of the deformation vectors at the geodetic network points of the monitoring station
located in the mining subsidence and in the surrounding mining territory of the
abandoned magnesite mine of Košice-Bankov was important in defining and spec-
ifying the subsidence edges and the subsidence zones with a number of dangerous
cracks and fissures. The very precise identification of 3D position of such delimita-
tion of the mining subsidence constituted the basic document for the plan of the
municipality of the city of Košice for the reclaiming of the entire devastated mining
landscape of Košice-Bankov. The revitalization of the Košice-Bankov recreational
and tourist zone with the adjacent urban forest park has been achieved through the
comprehensive reclaiming that devastated mining landscape. The variability of 3D
models of the mining subsidence allowed a wide spectrum at modeling of natural
and also industrial disasters in the former mining territory of Košice-Bankov. 3D
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models of the mining subsidence in GIS are useful tools for many reclaiming works
in restoring ecosystems with some essential elements of the security measures
against the possible and unforeseen consequences of former mining activities for
the protection of the health and life of people moving in various mining areas.
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